Effects of a CPT-even and Lorentz-violating nonminimal coupling on electron-positron scattering by Casana, R. et al.
  Universidade de São Paulo
 
2012
 
Effects of a CPT-even and Lorentz-violating
nonminimal coupling on electron-positron
scattering
 
 
PHYSICAL REVIEW D, COLLEGE PK, v. 86, n. 12, pp. 125033(1-6), DEC 20, 2012
http://www.producao.usp.br/handle/BDPI/32669
 
Downloaded from: Biblioteca Digital da Produção Intelectual - BDPI, Universidade de São Paulo
Biblioteca Digital da Produção Intelectual - BDPI
Outros departamentos - IF/Outros Artigos e Materiais de Revistas Científicas - IF/Outros
Effects of aCPT-even andLorentz-violating nonminimal coupling on electron-positron scattering
R. Casana,1,* M.M. Ferreira, Jr.,1,† R. V. Maluf,2 and F. E. P. dos Santos1
1Departamento de Fı´sica, Universidade Federal do Maranha˜o (UFMA),
Campus Universita´rio do Bacanga, Sa˜o Luiz, Maranha˜o 65085-580, Brazil
2Instituto de Fı´sica, Universidade de Sa˜o Paulo (USP), Caixa Postal 66318, Sa˜o Paulo, Sa˜o Paulo 05315-970, Brazil
(Received 5 October 2012; published 20 December 2012)
We propose a new CPT-even and Lorentz-violating nonminimal coupling between fermions and
Abelian gauge fields involving the CPT-even tensor ðKFÞ of the standard model extension. We thus
investigate its effects on the cross section of the electron-positron scattering by analyzing the process
eþ þ e ! þ þ. Such a study was performed for the parity-odd and parity-even nonbirefringent
components of the Lorentz-violating ðKFÞ tensor. Finally, by using experimental data available in the
literature, we have imposed upper bounds as tight as 1012 ðeVÞ1 on the magnitude of the CPT-even and
Lorentz-violating parameters while nonminimally coupled.
DOI: 10.1103/PhysRevD.86.125033 PACS numbers: 11.30.Cp, 12.20.Ds, 11.80.m
I. INTRODUCTION
The standard model extension (SME) is a large theoreti-
cal framework that includes terms of Lorentz and CPT
violation in the structure of the usual standard model [1].
This model was proposed after the verification about the
possibility of having spontaneous violation of Lorentz sym-
metry in the context of string theories [2]. The Lorentz-
violating (LV) terms are generated as vacuum expectation
values of tensor quantities, keeping the coordinate invari-
ance of the extended theory [3]. This model has been
scrutinized in many respects in the latest years, with studies
embracing the fermion and gauge sectors, and gravitation
extension [4]. The fermion sector [5] was much examined,
mainly in connection with CPT-violating tests to impose
some upper bounds on the magnitude of the LV terms [6],
dealing with other interesting aspects as well [7]. The
Abelian gauge sector of the SME is composed of a
CPT-odd [8] and a CPT-even sector, both intensively
investigated in the latest years [9–15].
Besides the investigations undertaken into the structure
of the SME, some other works were proposed to examine
Lorentz-violating developments out of this broad frame-
work. Some of them involve nonminimal coupling terms
that modify the vertex interaction between fermions and
photons. CPT-odd nonminimal couplings as gv ~F
 and
g5b ~F
 were considered some time ago in the context
of the Dirac equation, with interesting consequences in the
nonrelativistic limit, involving topological phases [16,17],
corrections on the hydrogen spectrum [18]. Such nonmi-
nimal coupling has been reassessed in connection with its
implications on the Aharonov-Bohm-Casher problem [19],
the Bhabha cross section [20], and other respects [21].
Recently, other types of nonminimal coupling, defined in
the context of the Dirac equation, have been proposed for
investigating the generation of topological and geometrical
phases [22].
Theoretical studies about cross section evaluation in the
presence of Lorentz-violating terms were accomplished by
some authors [23], searching to elucidate the route for
evaluating the cross section for a general scattering. Very
recently, some authors performed a study on the Bhabha
scattering [20], determining the effects induced by the
nonminimal CPT-odd coupling on the Bhabha cross sec-
tion. The results were compared with some available data
concerning this scattering [24] and used to impose the
upper bound jgvj  1012 ðeVÞ1.
In this work, we reassess a well-known quantum electro-
dynamics process, the eþ þ e ! þ þ scattering, in
the presence of a new Lorentz violating CPT-even non-
minimal coupling involving the fermion and gauge sectors.
First, we calculate the scattering amplitude, considering
new Feynman diagrams due to the emergence of a new
vertex in the theory. In order to evaluate the total cross
section, we first calculate the unpolarized squared ampli-
tude, using the Casimir trick. We specialize our evaluations
for the parity-odd and parity-even subsectors of the
CPT-even gauge sector. At the end, following the approach
of Refs. [20,24], we compare the cross section results with
the experimental data, finding an upper limit for the mag-
nitude for the new nonminimal coupling as tight as
jðKFÞj  1012 ðeVÞ1.
II. THE THEORETICAL MODEL
We are interested in analyzing some aspects of a modi-
fied quantum electrodynamics, whose fermion sector is
governed by the generalized Dirac equation,
ðiD mÞ ¼ 0; (1)
in which the usual covariant derivative is supplemented by
a nonminimal CPT-even coupling term, that is,
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D ¼ @ þ ieA þ 2 ðKFÞ
F; (2)
where ðKFÞ is the tensor that embraces the 19 LV
terms belonging to the CPT-even gauge sector of the
SME. This tensor possesses the same symmetries of the
Riemann tensor: ðKFÞ’ ¼ ðKFÞ’, ðKFÞ’ ¼
ðKFÞ’, ðKFÞ’ ¼ ðKFÞ’, and a double null
trace, ðKFÞ ¼ 0, implying 19 components. Using the
symmetries of the tensor ðKFÞ in the Dirac (1) equa-
tion, one obtains

i@  eA þ 2 ðKFÞ
F m

 ¼ 0;
(3)
with
 ¼ i
2
ð  Þ ¼ i
2
½; ; (4)
whose components, 0i and ij, are
0i ¼ i 0 
i
i 0
 !
; ij ¼  	ijk
k 0
0 	ijk
k
 !
: (5)
This new coupling, represented by ðKFÞ, has mass
dimension ½KF ¼ 1, which leads to a nonrenormaliz-
able theory at power counting. This respect does not pose a
problem for this investigation, once we are interested in
analyzing the tree-level scattering process.
We now present the Lagrangian of the modified QED,
LmodQED ¼ LQED þLnewI ; (6)
whereLQED is the usual Lagrangian density of QED in the
Lorenz gauge,
LQED¼ c ði6@e 6AmÞc 14FF
 1
2

ð@AÞ2; (7)
and LnewI represents the new interaction produced by the
nonminimal coupling, to be regarded
LnewI ¼

2
ðKFÞ ccF: (8)
In the next steps we will consider the Feynman gauge,

 ¼ 1. The theory represented by Lagrangian (6) has,
besides the usual vertex,  ! ie, an additional LV
vertex, represented as
 ! V ¼ ðKFÞq; (9)
in the momentum space.
We are interested in analyzing how the electron-positron
scattering, eþ þ e ! þ þ, is altered by this new
vertex. This process may be depicted by the following tree-
level Feynman diagrams:
The tensor KF is composed of birefringent and
nonbirefringent components. Without loss of generality,
we restrain our investigation to the nonbirefringent sector
[25], represented by nine coefficients and parametrized by
a symmetric and traceless rank-2 tensor defined by the
contraction
 ¼ ðKFÞ; (10)
which fulfills
ðKFÞ ¼ 12 ½g
  g þ g  g:
(11)
Hence, the interaction (9) is rewritten as
LnewI ¼  ccF; (12)
which implies the following vertex:
V ¼ qð  Þ: (13)
The components of the tensor can be classified by their
parity properties: 00, ij are parity even, while 0i is
parity odd.
III. THE CROSS SECTION EVALUATION
In this section, we evaluate the differential and total
cross section for the process,
eþ þ e ! þ þ; (14)
where the particles are labeled with momentum and spin
variables as eþðp1; s1Þ, eðp2; s2Þ, þðp01; s01Þ, and
ðp02; s02Þ. We work in the center of mass frame, in which
it holds p1 ¼ ðE;pÞ, p2 ¼ ðE;pÞ, p01 ¼ ðE;p0Þ, and
p02 ¼ ðE;p0Þ, with p1, p2, and p01, p02 being the momenta
of the incoming and outgoing particles, respectively.
Transfer momentum (q ¼ p1 þ p2) is q ¼ ð
ﬃﬃ
s
p
; 0Þ, whereﬃﬃ
s
p
is the energy in the center of mass. In this frame, it
holds jp0j2 ¼ jpj2 m2 þm2e, and
6p2¼0 6p10¼0 6p0; 6p02¼0 6p010¼0 6p00; (15)
with m, me being the masses of the muon and the elec-
tron, respectively. The vertex components are V0 ¼ 0, and
Vi ¼ ﬃﬃsp ð000i  ij0j  0jijÞ: (16)
Note that it holds 00 ¼ ii ¼ 32tr, ij ¼ ðeÞij þ
1
2tr
ij, 0i ¼ i, where tr and ðeÞij correspond to
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the isotropic and anisotropic parity-even components of
the CPT-even sector, respectively, while i represents the
parity-odd components in accordance with Ref. [12].
These vertex components can be read as
Vi ¼ ViþI þ ViþA þ Vi; (17)
where ViþI ¼
ﬃﬃ
s
p
00
0i is the part associated with the
parity-even isotropic coefficient, ViþA ¼ 
ﬃﬃ
s
p
ij
0j is
related to the anisotropic parity-even component, and
Vi ¼ 
ﬃﬃ
s
p
0j
ij ¼ ﬃﬃsp jij is the contribution stem-
ming from the parity-odd components.
In this scenario, the differential cross section (in natural
units) is given by
d
d
¼ jp
0j
ð8Þ2sjpj jMj
2: (18)
The scattering amplitude is read off from the Feynman
diagrams,
M ¼X
a;b
½ vs2ðp2ÞðaÞus1ðp1Þ
1
q2
½ us01ðp01ÞðbÞvs02ðp02Þ;
(19)
where a, b ¼ 0, 1 and ðaÞ defined by
ð0Þ ¼ ie; ð1Þ ¼ V; (20)
stands for the usual and new vertices. Here, us1ðp1Þ,
vs2ðp2Þ are the spinors for the electron and the positron,
while us
0
1ðp01Þ, vs02ðp02Þ represent the muon and antimuon
spinors. For evaluating the unpolarized cross section, the
relevant quantity is hjMj2i, defined as jMj2 ¼ PMM,
where the sum is over the spin indices, s1, s2, s
0
1, s
0
2. This
squared amplitude is carried out by means of the Casimir’s
trick, based on the use of spinor completeness relations and
the trace properties of  matrices. Knowing that
M ¼X½ us1ðp1Þ ðaÞvs2ðp2Þ 1q2 ½ vs
0
2ðp02Þ ðbÞus01ðp01Þ;
(21)
the squared amplitude is written as
hjMj2i¼ 1
4q4
X
vs2ðp2ÞðaÞus1ðp1Þ us1ðp1Þ vðbÞvs2ðp2Þ
 us01ðp01ÞðcÞvs02ðp02Þ vs02ðp02Þ ðdÞvus01ðp01Þ; (22)
where 

ðiÞ ¼ 0yðiÞ 0, and the sum is over the spin indices
and over a, b, c, d. Using the relation,
vs2ðp2ÞðaÞus1ðp1Þ us1ðp1Þ ðbÞvs2ðp2Þ
¼ trððaÞus1ðp1Þ us1ðp1Þ ðbÞvs2ðp2Þ vs2ðp2ÞÞ; (23)
the spin sum yields
hjMj2i ¼ 1
4q4
LT ðMTÞ; (24)
L

T ¼ Lð00Þ þ Lð01Þ þ Lð10Þ þ Lð11Þ; (25)
M

T ¼ Mð00Þ þMð01Þ þMð10Þ þMð11Þ; (26)
with
L

ðabÞ ¼ tr½ðaÞð6p1 þmeÞ ðbÞð6p2 meÞ; (27)
MðabÞ ¼ tr½ðaÞð6p02 mÞ ðbÞð6p01 þmÞ: (28)
Remember that the Latin indices inside parentheses ða; bÞ
can assume only two values, 0 or 1, corresponding to the
usual and new nonminimal vertex, properly defined in
Eqs. (16) and (20).
Next, in order to facilitate our evaluations and better
discuss our results, we proceed to separate the contributions
coming from the parity-odd and parity-even coefficients.
A. Parity-odd contribution
To calculate parity-odd contributions to the cross sec-
tion, we restrict the vertex (16) to
Vi ¼
ﬃﬃ
s
p
ijj; (29)
where i ¼ ðKFÞ0jij. Using the trace technique, and using
identity (15), we show that
Lijð01Þ ¼ Lijð10Þ ¼ Mijð01Þ ¼ Mijð10Þ ¼ 0: (30)
The nonnull terms of the tensors (27) and (28) are
Lijð00Þ ¼ e2 tr½i 6p1j 6p2 m2eij; (31)
Lijð11Þ ¼ 2 tr½Vi 6p1Vj 6p2 m2eViVj; (32)
Mijð00Þ ¼ e2 tr½i 6p01j 6p02 m2ij; (33)
Mijð11Þ ¼ 2 tr½Vi 6p01Vj 6p02 m2ViVj; (34)
while L
0
ðabÞ ¼ L0ðabÞ ¼ M0ðabÞ ¼ M0ðabÞ ¼ 0. These latter
terms are explicitly carried out:
Lijð00Þ ¼ e2ð2sij  8pipjÞ;
Mijð00Þ ¼ e2ð2sij  8p0ip0jÞ;
(35)
Lijð11Þ ¼ 82s"im"jlnpnpml; (36)
Mijð11Þ ¼ 82s"im"jlnp0np0ml: (37)
The squared amplitude is
hjMj2i ¼ 1
4s2
½Lijð00ÞMijð00Þ þ Lijð11ÞMijð00Þ þ Lijð00ÞMijð11Þ
þ Lijð11ÞMijð11Þ: (38)
The differential cross section is obtained replacing these
results in Eqs. (38) and (18). The total cross section is
obtained by integration,
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 ¼ jp
0j
ð8Þ2sjpj
Z
hjMj2id: (39)
Taking the background as fixed, we integrate only on the
angular variables of the scattered particles, that is,
Z
hjMj2id¼ 1
4s2

Lij00
Z
Mij00dþLij11
Z
Mij00d
þLij00
Z
Mij11dþLij11
Z
Mij11d

: (40)
These integrals provide
Z
Mijð00Þd ¼
16e2
3
ðsþ 2m2Þij; (41)
Z
Mijð11Þd ¼
82
3
sðs 4m2Þðij2  ijÞ; (42)
where the integral
R
p0ip0jd ¼ 13 ðs 4m2Þij was
used. In the ultrarelativistic limit, we take me ¼ m ¼ 0.
The resulting cross section (at second order) is
 ¼ QED

1þ 1
4e2
2ð3s2  4ðp  Þ2Þ

: (43)
The results can be presented in twoways, concerning the
beam orientation in relation to the background vector, i.
For the case where the beam is perpendicular to the back-
ground,   p ¼ 0, we achieve
 ¼ QED

1þ 3s
4e2
2jj2

; (44)
while for the case where the beam is parallel to the back-
ground,   p ¼ jj ﬃﬃsp =2, the total cross section is
 ¼ QED

1þ s
2e2
2jj2

: (45)
Experimental data from Ref. [24] for the eþ þ e !
þ þ scattering yields
 QED
QED
¼  2s
2
; (46)
where
ﬃﬃ
s
p ¼ 29 GeV and þ ¼ 170 GeV with 95% con-
fidence level. Comparing (44) and (45) with (46), we
obtain the following upper bound:
jj< 3 1012 ðeVÞ1: (47)
B. Parity-even contribution
We begin considering the parity-even and isotropic con-
tribution, whose associated vertex is ViþI ¼
ﬃﬃ
s
p
00
0i. In
this case, the elements of the tensors (27) and (28) are
L

ð00Þ ¼ e2 tr½ 6p1 6p2 m2e; (48)
L

ð01Þ ¼ ieme tr½ 6p1VþI  VþI 6p2; (49)
L

ð10Þ ¼ ieme tr½VþI 6p1  VþI 6p2; (50)
Lð11Þ ¼ 2 tr½VþI 6p1VþI 6p2 m2eVþIVþI: (51)
The components of tensor M

ðabÞ are written in the same
way, changing p1, p2, me by p
0
1, p
0
2, m. In this case,
L0ðabÞ ¼ L0ðabÞ ¼ M0ðabÞ ¼ M0ðabÞ ¼ 0; (52)
remaining as nonnull only the components LijðabÞ, M
ij
ðabÞ,
given as
Lijð01Þ ¼ Lijð01Þ ¼ 4e00smij; (53)
Mijð01Þ ¼ Mijð01Þ ¼ 4e00sMij; (54)
Lijð11Þ ¼ 8s2ð00Þ2ðm2ij þ pipjÞ; (55)
Mijð11Þ ¼ 8s2ð00Þ2ðm2ij þ p0ip0jÞ: (56)
The squared amplitude now is
hjMj2i ¼ 1
4s2
ðLijð00Þ þ 2Lijð01Þ
þ Lijð11ÞÞðMijð00Þ þ 2Mijð01Þ þMijð11ÞÞ: (57)
Proceeding with the integration evaluations, and taking
the ultrarelativistic limit (me ¼ m ¼ 0), the total cross
section (at second order) is
 ¼ QED

1þ s
e2
j00j2

: (58)
By using the same conditions as in Eq. (46), we achieve
j00j< 2:5 1012 ðeVÞ1: (59)
We continue regarding the anisotropic parity-even con-
tribution, whose vertex is ViA ¼ 
ﬃﬃ
s
p
ij0j. In this case,
for turning feasible the evaluations, we consider the ultra-
relativistic limit (me ¼ m ¼ 0) well in the beginning.
The operators (27) and (28) are rewritten as
Lð00Þ 	 e2 tr½ 6p1 6p2; (60)
Lð11Þ 	 2 tr½VA 6p1VA 6p2; (61)
with components of the tensor M

ðabÞ read similarly by
changing p1, p2,m by p
0
1, p
0
2,M. Some evaluations lead to
L
0
ðabÞ ¼ L0ðabÞ ¼ M0ðabÞ ¼ M0ðabÞ ¼ 0; (62)
Lijð11Þ ¼ 8s2ikjlplpk; (63)
Mijð11Þ ¼ 8s2ikjlp0lp0k; (64)
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implying
hjMj2i ¼ 1
4s2
½Lij00Mij00 þ 8sðÞikðÞjlðplpkMij00
þ Lij00p0lp0kÞ: (65)
Doing the corresponding integrations in the solid angle,
we achieve
Z
hjMj2id ¼ 16e
4
3

1þ 
2
4e2
ðsð2Þii þ 4ðijpjÞ2Þ

;
(66)
where ð2Þii ¼ ijji. Choosing a beam direction so that
ijpj ¼ 0, we attain
Z
hjMj2id ¼ 16e
4
3

1þ 
2s
4e2
ð2Þii

: (67)
This evaluation leads to
 ¼ QED

1þ 
2s
4e2
ð2Þii

; (68)
implying the following upper bound:
jijj< 5 1012 ðeVÞ1: (69)
We notice that the upper bound on the parity-even
parameters have the same order of magnitude as the one
on the parity-odd coefficients.
IV. CONCLUSIONS
In this work, we have studied the influence of a Lorentz-
violating CPT-even nonminimal coupling in the context of
the Dirac equation, focusing specifically on the eþ þ
e ! þ þ scattering process. This new coupling
implied the insertion of a new vertex, increasing the
number of Feynman diagrams representing the level tree
process. We have carried out the contributions of the
nonminimally CPT-even LV terms on the unpolarized
cross section, using the Casimir’s trick. This evaluation
was performed with details for the parity-odd and parity-
even coefficients in the ultrarelativistic limit (me ¼ m ¼ 0).
Comparing the attained results with scattering data in the
literature [24], we have succeeded in imposing upper
bounds at the level of 1012 ðeVÞ1 on the parity-odd
and parity-even nonbirefringent coefficients of the quantity
ðKFÞ, representing a good route to constrain the
strength of this new nonminimal coupling in a relativistic
environment. It is important to mention that these bounds
should not be directly compared with the upper bounds
imposed on the coefficients of the dimensionless
CPT-even tensor ðKFÞ in Refs. [12,13]. The bounds
here achieved restrain the dimensional quantity
ðKFÞ, representing a constraint on the way the
CPT-even is coupled to the fermion sector.
Although we have restricted our study to the non-
birefringent sector of the CPT-even tensor ðKFÞ,
we could have considered the ten birefringent components
of the tensor ðKFÞ as well. The point is that these
coefficients contribute to the modified cross section also
in second order, implying the same upper bound attained
on the nonbirefringent components. This reasoning
allows one to extend the bounds here achieved to all
the components of the tensor ðKFÞ, that is jðKFÞj 
1012 ðeVÞ1, circumventing some cumbersome and
unnecessary evaluations.
An interesting investigation concerns the possible con-
nections between this dimension-5 nonminimal coupling
and the higher-dimensional operators belonging to the
photon sector presented in Ref. [15]. The proposed non-
minimal coupling is a dimension-5 operator which is not
contained in the framework of Ref. [15], once this term
refers to the interaction between fermions and photons.
The connection begins to appear when one performs the
radiative corrections generated by this nonminimal cou-
pling. Indeed, the evaluation of the one-loop vacuum po-
larization diagram of the photon leads to operators with
dimension-4 and -6. The dimension-4 operator is exactly
the CPT-even term ðKFÞFF. The operators of
dimension-6 are second order in KF and could be encom-
passed in Ref. [15]. The fact that the dimension-4 operator
can be generated by radiative corrections allows one to use
the existing bounds on the CPT-even ðKFÞ to attain
even better bounds on the magnitude of the quantity
ðKFÞ. The detailed analysis of this issue is under
development now [26].
ACKNOWLEDGMENTS
The authors are grateful to CNPq, CAPES, and
FAPEMA (Brazilian research agencies) for invaluable
financial support.
[1] D. Colladay and V.A. Kostelecky, Phys. Rev. D 55, 6760
(1997); 58, 116002 (1998); S. R. Coleman and S. L.
Glashow, Phys. Rev. D 59, 116008 (1999).
[2] V. A. Kostelecky and S. Samuel, Phys. Rev. Lett. 63, 224
(1989); 66, 1811 (1991); Phys. Rev. D 39, 683 (1989); 40,
1886 (1989); V. A. Kostelecky and R. Potting, Nucl. Phys.
B359, 545 (1991); Phys. Lett. B 381, 89 (1996); Phys.
Rev. D 51, 3923 (1995).
[3] V. A. Kostelecky and R. Lehnert, Phys. Rev. D 63, 065008
(2001).
EFFECTS OF A CPT-EVEN AND LORENTZ-VIOLATING . . . PHYSICAL REVIEW D 86, 125033 (2012)
125033-5
[4] V. A. Kostelecky, Phys. Rev. D 69, 105009 (2004); V. A.
Kostelecky, Neil Russell, and J. D. Tasson, Phys. Rev.
Lett. 100, 111102 (2008); V. A. Kostelecky and J. D.
Tasson, Phys. Rev. Lett. 102, 010402 (2009); Q.G.
Bailey and V.A. Kostelecky, Phys. Rev. D 74, 045001
(2006); Q.G. Bailey, Phys. Rev. D 80, 044004 (2009);
V. A. Kostelecky and R. Potting, Phys. Rev. D 79, 065018
(2009); Q.G. Bailey, Phys. Rev. D 82, 065012 (2010);
V. B. Bezerra, C. N. Ferreira, and J. A. Helayel-Neto, Phys.
Rev. D 71, 044018 (2005); J. L. Boldo, J. A. Helayel-Neto,
L.M. de Moraes, C.A. G. Sasaki, and V. J. V. Otoya, Phys.
Lett. B 689, 112 (2010); V.A. Kostelecky and J. D. Tasson,
Phys. Rev. D 83, 016013 (2011).
[5] B. Altschul, Phys. Rev. D 70, 056005 (2004); G.M. Shore,
Nucl. Phys. B717, 86 (2005); D. Colladay and V.A.
Kostelecky, Phys. Lett. B 511, 209 (2001); O.G.
Kharlanov and V. Ch. Zhukovsky, J. Math. Phys. (N.Y.)
48, 092302 (2007); R. Lehnert, Phys. Rev. D 68, 085003
(2003); V. A. Kostelecky and C.D. Lane, J. Math. Phys.
(N.Y.) 40, 6245 (1999); R. Lehnert, J. Math. Phys. (N.Y.)
45, 3399 (2004); W. F. Chen and G. Kunstatter, Phys. Rev.
D 62, 105029 (2000); B. Goncalves, Y.N. Obukhov, and
I. L. Shapiro, Phys. Rev. D 80, 125034 (2009); V. A.
Kostelecky and R. Lehnert, Phys. Rev. D 63, 065008
(2001); S. Chen, B. Wang, and R. Su, Classical
Quantum Gravity 23, 7581 (2006).
[6] R. Bluhm, V.A. Kostelecky, and N. Russell, Phys. Rev.
Lett. 79, 1432 (1997); Phys. Rev. D 57, 3932 (1998); R.
Bluhm, V.A. Kostelecky, C. D. Lane, and N. Russell,
Phys. Rev. Lett. 88, 090801 (2002); R. Bluhm and V.A.
Kostelecky, Phys. Rev. Lett. 84, 1381 (2000); R. Bluhm,
V.A. Kostelecky, and C.D. Lane, Phys. Rev. Lett. 84,
1098 (2000); R. Bluhm, V.A. Kostelecky, and N. Russell,
Phys. Rev. Lett. 82, 2254 (1999); V. A. Kostelecky and
C.D. Lane, Phys. Rev. D 60, 116010 (1999).
[7] M. Gomes, J. R. Nascimento, A. Yu. Petrov, and A. J. da
Silva, Phys. Rev. D 81, 045018 (2010); T. Mariz, J. R.
Nascimento, and A. Yu. Petrov, Phys. Rev. D 85, 125003
(2012); G. Gazzola, H. G. Fargnoli, A. P. Baeta Scarpelli,
M. Sampaio, and M.C. Nemes, J. Phys. G 39, 035002
(2012); A. P. Baeta Scarpelli, Marcos Sampaio, M.C.
Nemes, and B. Hiller, Eur. Phys. J. C 56, 571 (2008);
F. A. Brito, L. S. Grigorio, M. S. Guimaraes, E. Passos, and
C. Wotzasek, Phys. Rev. D 78, 125023 (2008); F. A. Brito,
E. Passos, and P. V. Santos, Europhys. Lett. 95, 51001
(2011); C. F. Farias, A. C. Lehum, J. R. Nascimento, and
A. Yu. Petrov, Phys. Rev. D 86, 065035 (2012). A. P. B.
Scarpelli, J. Phys. G 39, 125001 (2012).
[8] S.M. Carroll, G. B. Field, and R. Jackiw, Phys. Rev. D 41,
1231 (1990).
[9] C. Adam and F. R. Klinkhamer, Nucl. Phys. B607, 247
(2001); B657, 214 (2003); A.A. Andrianov and R. Soldati,
Phys. Rev. D 51, 5961 (1995); Phys. Lett. B 435, 449
(1998); A.A. Andrianov, R. Soldati, and L. Sorbo, Phys.
Rev. D 59, 025002 (1998); A. A. Andrianov, D. Espriu, P.
Giacconi, and R. Soldati, J. High Energy Phys. 09 (2009)
057; J. Alfaro, A.A. Andrianov, M. Cambiaso, P.
Giacconi, and R. Soldati, Int. J. Mod. Phys. A 25, 3271
(2010); V. Ch. Zhukovsky, A. E. Lobanov, and E.M.
Murchikova, Phys. Rev. D 73, 065016 (2006).
[10] R. Lehnert and R. Potting, Phys. Rev. Lett. 93, 110402
(2004); Phys. Rev. D 70, 125010 (2004); B. Altschul,
Phys. Rev. D 75, 105003 (2007); C. Kaufhold and F. R.
Klinkhamer, Nucl. Phys. B734, 1 (2006).
[11] A. P. Baeˆta Scarpelli, H. Belich, J. L. Boldo, and J. A.
Helaye¨l-Neto, Phys. Rev. D 67, 085021 (2003); A. P.
Baeˆta Scarpelli, H. Belich, J. L. Boldo, L. P. Colatto,
J. A. Helaye¨l-Neto, and A. L.M.A. Nogueira, Nucl.
Phys. B, Proc. Suppl. 127, 105 (2004); M.B. Cantcheff,
Eur. Phys. J. C 46, 247 (2006); J. A. de Sales, T. Costa-
Soares, and V. J. Vasquez Otoya, Physica (Amsterdam)
391A, 5422 (2012); O.M. Del Cima, D.H. T. Franco,
A. H. Gomes, J.M. Fonseca, and O. Piguet, Phys. Rev.
D 85, 065023 (2012).
[12] V. A. Kostelecky and M. Mewes, Phys. Rev. Lett. 87,
251304 (2001); Phys. Rev. D 66, 056005 (2002); Phys.
Rev. Lett. 97, 140401 (2006).
[13] F. R. Klinkhamer and M. Risse, Phys. Rev. D 77, 016002
(2008); 77, 117901 (2008); F. R. Klinkhamer and M.
Schreck, Phys. Rev. D 78, 085026 (2008); B. Altschul,
Phys. Rev. Lett. 98, 041603 (2007); M. Schreck, Phys.
Rev. D 86, 065038 (2012).
[14] B. Altschul, Nucl. Phys. B796, 262 (2008); Phys. Rev.
Lett. 98, 041603 (2007); C. Kaufhold and F. R.
Klinkhamer, Phys. Rev. D 76, 025024 (2007).
[15] V. A. Kostelecky and M. Mewes, Phys. Rev. D 80, 015020
(2009); M. Cambiaso, R. Lehnert, and R. Potting, Phys.
Rev. D 85, 085023 (2012); M. Mewes, Phys. Rev. D 85,
116012 (2012).
[16] H. Belich, T. Costa-Soares, M.M. Ferreira, Jr., and J. A.
Helaye¨l-Neto, Eur. Phys. J. C 41, 421 (2005).
[17] H. Belich, T. Costa-Soares, M.M. Ferreira, Jr., J. A.
Helaye¨l-Neto, and M. T. D. Orlando, Phys. Lett. B 639,
675 (2006); H. Belich, L. P. Colatto, T. Costa-Soares, J. A.
Helaye¨l-Neto, and M. T. D. Orlando, Eur. Phys. J. C 62,
425 (2009).
[18] H. Belich, T. Costa-Soares, M.M. Ferreira, Jr., J. A.
Helaye¨l-Neto, and F.M.O. Moucherek, Phys. Rev. D 74,
065009 (2006).
[19] H. Belich, M.M. Ferreira, Jr., E. O. Silva, and M. T. D.
Orlando, Phys. Rev. D 83, 125025 (2011).
[20] B. Charneski, M. Gomes, R. V. Maluf, and A. J. da Silva,
Phys. Rev. D 86, 045003 (2012).
[21] L. R. Ribeiro, E. Passos, and C. Furtado, J. Phys. G 39,
105004 (2012).
[22] K. Bakke and H. Belich, J. Phys. G 39, 085001 (2012); K.
Bakke, H. Belich, and E.O. Silva, J. Math. Phys. (N.Y.)
52, 063505 (2011); J. Phys. G 39, 055004 (2012); Ann.
Phys. (Amsterdam) 523, 910 (2011); K. Bakke and H.
Belich, Eur. Phys. J. Plus 127, 102 (2012).
[23] D. Colladay and V.A. Kostelecky, Phys. Lett. B 511,
209 (2001); B. Altschul, Phys. Rev. D 70, 056005
(2004).G. Rubtsov, P. Satunin, and S. Sibiryakov, Phys.
Rev. D 86, 085012 (2012).
[24] M. Derrick et al., Phys. Rev. D 31, 2352 (1985); D. Bender
et al., Phys. Rev. D 30, 515 (1984); M. E. Levi et al., Phys.
Rev. Lett. 51, 1941 (1983).
[25] An additional reason for limiting our evaluations on the
nonbirefringent sector is provided in the conclusions.
[26] R. Casana, M.M. Ferreira, Jr., R. V. Maluf, and F. E. P. dos
Santos (work in progress).
CASANA et al. PHYSICAL REVIEW D 86, 125033 (2012)
125033-6
